Abstract. This study compared the floc and sludge formed during the coagulation of leachate by different types of coagulants. The coagulants tested in this study were Ferric chloride (FC), prehydrolyzed iron (PHI), dual coagulant (PHI+TF(tapioca flour)), and composite coagulant (pre mix of PHI and TF (PHITF)). The floc and sludge were characterized by measuring the sludge volume index (SVI), sludge velocity (SV), and floc size. Results showed that the hierarchy for SVI, SV, and floc size were FC>PHI>PHI+TF>PHITF, PHITF>PHI+TF>PHI>FC, and PHI+TF>PHITF>PHI>FC, respectively. PHITF demonstrated the lowest SVI and the shortest sludge settling time among the tested coagulants. PHI+TF produced the largest floc size. The addition of TF in PHI as a composite and dual coagulant significantly improved the floc and sludge characteristics. PHITF improved the floc and sludge formation of partially stabilized leachate.
Introduction
Treating leachate before discharge is important to ensure environmental safety. Various treatment methods are available but highly dependent on leachate characteristics [1] . The most common of these methods is coagulation. Coagulation-flocculation is effective in reducing pollutants from leachate [2] [3] [4] . However, the use of chemical coagulants indirectly affects the health of living organisms. Substituting chemical coagulants with natural materials can reduce adverse health effects. A combination of chemical and natural coagulants offers many benefits [5] [6] [7] .
The formation of floc and sludge during coagulation-flocculation is fairly important in determining the effectiveness of a system [4, 8] . Appropriate strength of floc is important to reduce the effect of shear force that disintegrates the floc and forms suspended solid in effluent. Less sludge value is favorable because it means low-cost sludge treatment [4] .
This study compared the effect of different coagulants, including Ferric chloride (FC), prehydrolyzed iron (PHI), dual coagulant (PHI+TF), and composite coagulant (PHITF), on the floc and sludge formed during the coagulation-flocculation of partially stabilized leachate. PHI+TF is the dual coagulant that used PHI as the main coagulant and TF(tapioca flour) as the coagulant aid. While PHITF is the composite coagulant and prepared by premix the PHI and TF as one solution.
Material and Methodology
Partially stabilized leachate was collected from Matang landfill site (MLS) located in Taiping, Perak, Malaysia. Sampling and analyses were conducted in accordance with the standard method of APHA [9] . All reagents used in this research were of analytical grade. PHI and PHITF were prepared as described by Zin et al. [10] .
Coagulation tests were performed using a jar test apparatus (SW6 Stuart, Bibby Scientific Limited, UK). The optimum pH and dose for each coagulant were determined by using RSM (Table  1) . A jar test was performed considering the factors listed in Table 1 . NaOH (0.1 mol) and HCL (0.1 mol) were used to adjust leachate pH. A 1 L beaker was filled with 500 mL of leachate.
A Malvern MasterSizer 2000 particle size analyzer was used to measure the size of the formed floc. The sampling method for floc size was based on Daud [4] study. Sludge velocity (SV) was measured by using method described by Gonzales et al. and Daud [4] [11] . SV was measured for each coagulant at its optimum condition. The sample was allowed to settle for 15 minutes after the jar test. The initial volume and height of sludge were recorded at t = 0. The volume of settled sludge was recorded every minute for 15 minutes. A time versus sludge volume graph was plotted to obtain the slope of the graph. SV was calculated using the formula below.
( ) slope of the graph initial height of sludge SV(cm/min)= initial volume of sludge
Sludge volume index (SVI) was measured for each coagulant at optimum condition in accordance with the APHA 2710 D standard [9] . Immediately after the jar test, the sample at optimum coagulant condition was poured into the conical vessel and allowed to settle for 30 minutes. However, the suspended solid (SS) of the sample had to be measured before the settling process. The SVI was determined using the formula below.
settled sludge volume at 30 minutes (mL/L) × 1000 SVI(mL/g)= SS (ppm) Result and discussion Sludge Volume Index (SVI). Fig. 1 demonstrates the value of SVI for FC, PHI, PHITF, and PHI+TF at optimum coagulation. The highest and lowest SVI were obtained with FC and PHITF as the coagulants, respectively. A low SVI is desired in coagulation. The SVI value depends on the Applied Mechanics and Materials Vol. 802 407 coagulant used and operating conditions [12, 13] . According to Aziz and Ramli [14] , a low SVI indicates good settling, whereas a high SVI means poor settling. According to Filipe and Grady [15] , SVI < 80 mL/g is considered as excellent sludge and compaction. PHI, PHITF, and PHI+TF formed excellent and compact sludge. An SVI range of 50-75 mL/g is considered ideal [16] . Thus, PHITF and PHI+TF formed an ideal sludge. However, PHITF had the lowest SVI index among all of the tested coagulants (Fig. 1) . The SVI of PHITF was satisfactory (approximately 50 mL/g). Patel and Vashi [17] stated that a good sludge should be less than 80 mL/g and a very good one approximately 50 mL/g. TF naturally has a high molecular weight and a polymer chain with a branch structure; these features provide long bridges between small flocs, which attract and hold the floc [18] . As a result, TF produces compacted floc and low-volume sludge. Therefore, the better floc and sludge formation with PHITF compared with the other coagulants can be ascribed to the addition of TF. Ahmad et al. [12] also observed improved floc formation during the coagulation of alum with Organapol 5415.
The addition of TF as a composite coagulant can reduce the SVI volume by approximately 51% from 109 mL/g (using FC) to 53 mL/g (using PHITF). According to Amuda and Amoo [13] , adding a nonionic polyacrylamide into FC reduces the sludge volume by 60%. However, according to Ahmad et al. [12] the addition of an anionic flocculant (chemfloc 430 A) as a dual coagulant increases the SVI of polyaluminium chloride and may even alter the coagulation process.TF is an anionic polymer. However, the addition of TF into PHI as a composite coagulant and dual coagulant in the present study decreased the SVI value.
The SVI was lower with PHITF than with PHI+TF as a coagulant.This result may be attributed to the phenomenon that TF and PHI occurring simultaneously caused better floc formation because small particles can be efficiently captured and held by the polymer. Thus, the SVI result indicates that PHITF reduces the volume of produced sludge and the cost of sludge handling. Settling Velocity (SV). SV indicates the rate at which the particles or floc settles at the bottom of the reactor. The SVs of the various coagulants tested are depicted in Fig. 2 . The addition of TF improved the SV in PHI. The addition of TF as a composite and dual coagulant resulted in similar SV values. However, the use of PHITF resulted in the fastest SV. Good floc had a high SV. A high SV is a prerequisite for an effective coagulant, especially in water treatment facilities [19] . The SV obtained with PHITF is similar to that with polyferric silicate sulfate (PFSiS) [19] . PFSiS (composite coagulant) result in SV approximately less than 0.8 cm/min at a high turbidity removal of a kaolin sample [20] .
Ahmad et al. [12] reported that adding flocculants, such as polymers,exerts significant effects on settling time. Daud [4] found that the SV is approximately two times higher in the presence (2.5 cm/min) than in the absence (1.5 cm/min) of a synthetic cationic polymer. Pan et al. [20] claimed that adding chitosan and polyaluminium chloride on surface water increases the settling time up to 1.5 times of polyaluminium chloride without chitosan. The improvement in SV with PHITF was not as good as that obtained by Daud [4] and Pan et al. [20] . The type of polymer used 
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Modern Civil Engineering in Trend of the Sustainable Infrastructure Development affected coagulation performance. The performance of the anionic natural coagulant (TF) was not as good as that of the cationic synthetic polymer and cationic natural polymer (chitosan). Higher SV with lower SVI indicates better settling and floc formation during coagulation [4] . Gonzales et al. [11] found that high SVI corresponds to low SV. PHITF had the lowest SVI and the highest SV among all of the tested coagulants. The hierarchy of SV was PHITF>PHI+TF>PHI>FC. The rank of settling rate followed the rank of SVI, but the SVI ranking was from lower to higher values. Thus, PHITF formed floc that produced better settling rate and less sludge volume compared with the other coagulants. Flocsize. The mean particle sizes of the flocs formed with each coagulant tested under optimum condition is illustrated in Fig. 3 . Compared with FC, PHI resulted in slightly larger floc mean particle size in the sludge of MLS leachate. The addition of TF as PHITF and PHI+TF enhanced the particle size. PHI+TF yielded the largest particle size among the tested coagulants. The addition of a polymer improved floc formation. Daud [4] recorded an increment in particle size after using a dual coagulant (polyaluminium chloride and polymer) to treat leachate [4] . The floc formed with PHITF had smaller particles but faster velocity settling rate and lower amount of sludge produced compared with those formed with FC, PHI, and PHI+TF. Large particles usually have a high SV. Furthermore, large floc size indicates improved coagulation. However, some large flocs are not dense. Thus, large particles do not usually indicate better floc formation. An increment in floc size decreases floc strength, making the floc easy to break [21] . Compacted or denser floc has strong particle bonds because of the presence of many bonds holding the particles [21] . Thus, the floc formed with PHITF, although not as large as that formed with PHI+TF, is better than those formed with the other coagulants; however, it is denser because the SV and SVI with PHITF are better than those with PHI+TF. 
Conclusion
The floc and sludge indicated the behavior and characteristics of floc formed by tested coagulants. The addition of TF in PHI as a composite and dual coagulant improved the formation of floc and sludge of partially stabilized leachate. PHITF and PHI+TF led to the formation of a solid, dense, and heavy floc/sludge with fast settling rate and low SVI. Overall, the floc and sludge produced with PHITF were better than those produced with the other coagulants, as indicated by their fast settling rate and low sludge amount. The application of PHITF as a coagulant reduced the settling duration and the treatment cost.
